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1 . INTRODUCTION 


This  report  presents  the  results  of  three  sets  of  studies  concerning 
the  radiation  hardness  of  metal-insulator-semiconductor  (MIS)  structures. 
Section  2 describes  an  investigation  of  the  electron-trapping  properties 
of  aluminum-implanted  and  neon-implanted  silicon-dioxide  films  on  silicon. 
Section  3 gives  the  results  of  a study  of  the  effects  of  low-energy 
electron  irradiation  on  thermally  grown  silicon  dioxide  and  shows  that 
such  irradiation  generates  substantial  concentrations  of  electron  traps 
in  the  oxide  well  ahead  of  the  range  of  the  primary  electrons  themselves. 
Section  4 describes  the  results  of  a study  of  methods  for  distinguishing 
between  lateral  nonuniformities  and  interface  states  in  MIS  structures 
and  for  characterizing  nonuniformities  when  they  are  found  to  exist. 

Three  new  methods  are  proposed  for  detecting  lateral  nonuniformities, 
and  a new  and  simple  method  is  proposed  for  determining  the  distribution 
of  flatband  voltages  in  a nonuniform  MIS  structure. 


2.  ELECTRON  TRAPPING  IN  ION- IMPLANTED  SILICON  DIOXIDE 
2.1.  Introduction 


The  implantation  of  impurity  ions  into  the  SiO^  layer  of  an  MOS  device 

has  been  shown  to  reduce  the  sensitivity  of  the  device  to  ionizing  radiation 

under  positive  gate  bias.^"  ^ The  radiation  sensitivity  of  thermally  grown 

SiO^  films  on  silicon  was  proposed  by  Zaininger  to  be  the  result  of  strong 

hole  trapping  and  weak  electron  trapping  following  generation  of  electron- 

hole  paiis  by  ionizing  radiation.  Williams^  demonstrated  that  thermally 
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grown  SiO  films  are  relatively  free  of  electron  traps  (,v  10  cm  ) and 

8 * 2 
Goodman  found  that  the  electron  mobility  is  relatively  high  ('v  30  cm  /V  sec) . 

9 

The  experiments  of  Powell  and  Derbenwick  indicate  that  holes  can  drift  through 
the  oxide  but  are  strongly  trapped  near  the  Si-SiO^  interface.  The  following 
model  of  the  radiation  effect  thus  emerges.  When  an  MOS  device  is  exposed  to  ioniz 


radiation,  electron-hole  pairs  are  generated  in  the  oxide.  For  positive  gate 
bias  the  electrons  drift  through  the  oxide  to  the  gate,  with  some  recombination 
probably  occurring  en  route.  Holes  are  transported  to  the  vicinity  of  the 
Si-SiO^  interface  where  a significant  fraction  of  them  are  trapped,  thereby 
giving  rise  to  a negative  shift  in  the  flatband  voltage  of  an  MOS  capacitor,  or 
equivalently  to  a negative  shift  in  the  turn-on  voltage  of  an  MOS  field-effect 
transistor  ^ This  model  suggests  that  the  reduction  in  sensitivity  caused 
by  ion  implantation  may  be  the  result  of  electron  traps  and/or  recombination 
centers  which  are  generated  in  the  SiO^  by  the  implantation  and  which  act  to 
reduce  the  buildup  of  a net  charge  during  irradiation. 

Here  we  present  the  results  of  a study  in  which  photoelectric  and  MOS 
capacitance  techniques  were  used  to  investigate  deep  electron  trapping  in 
aluminum-  and  neon-implanted  thermally  grown  silicon  dioxide. 

2.2.  Experimental  Procedure 


Our  samples  were  fabricated  on  1-5  ohro-cm  n-type  silicon  wafers  with 
(100)  orientation.  The  oxide  films  were  grown  in  dry  oxygen  at  1000 °C.  Some 
of  the  samples  were  implanted  with  aluminum  ions,  others  with  neon  ions. 
Uniraplanted  control  sections  were  provided  in  all  cases.  Semitransparent 
field  plates  of  gold  or  aluminum  were  vacuum-evaporated  on  the  exposed  oxide 
surface . 

The  experimental  procedure  that  we  used  to  study  the  electron  traps  in 
the  oxide  was  as  follows.  The  metallic  field  plate  of  the  sample  was  biased 
positively  with  respect  to  the  silicon  substrate,  and  the  structure  was 
illuminated  from  the  front  with  photons  having  an  energy  smaller  than  the  oxide 
band  gap  but  greater  than  the  electronic  barrier  between  the  silicon  substrate 
and  the  oxide.  For  this  purpose  we  used  photons  with  an  energy  of  4.8  eV.  A 
substantial  fraction  of  the  incident  photons  penetrated  the  semitransparent  field 
plate  and  passed  through  the  oxide  to  the  Si-SiO^  interface  where  they  stimulated 
an  internal  photoemission  of  electrons  from  the  silicon  into  the  conduction 
band  of  the  oxide.  These  electrons  were  then  drifted  by  the  electric  field 
toward  the  positively  biased  field  plate  and  were  subject  to  capture  by 
electron  traps  in  the  oxide.  The  storage  of  negative  charge  resulting  from 
electron  capture  produced  a shift  in  flatband  voltage  which  could  be  determined 
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from  the  high-frequency  MOS  capacitance-voltage  (C-V)  characteristic. 
Subsequent  discharge  of  the  traps  could  be  accomplished  by  photodepopulation 
or  by  thermal  annealing  with  the  contacts  short  circuited. 

2.3.  Electron  Trapping  in  Aluminum-Implanted  Silicon  Dioxide 


This  study  was  performed  on  dry-grown  1400A  SiO^  films.  The  oxide  of  one 

section  of  the  wafer  was  implanted  with  aluminum  ions  at  20  keV  to  a fluence 
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of  10  cm  . The  other  section  was  not  implanted  and  served  as  a control 
sample.  Semitransparent  electrodes  of  gold  were  vacuum  evaporated  on  the 
front  surface. 

The  unannealed  aluminum-implanted  samples  initially  displaced  flatband 
voltages  of  approximately  -15  V,  indicating  an  initial  storage  of  positive 
charge.  In  contrast,  the  control  samples  showed  only  small  initial  flatband 
voltages,  typically  - 1 V.  The  positive  space  charge  in  the  implanted 
samples  was  neutralized  almost  completely,  and  the  flatband  voltage  was 
brought  essentially  to  zero,  by  irradiating  the  sample  with  4.8  eV  photons 
with  the  contacts  short  circuited.  Alternatively,  the  initial  positive  charge 
could  be  removed  by  thermal  annealing  at  450°C  for  30  min  with  the  contacts 
short  circuited. 

After  the  initial  positive  charge  had  been  neutralized,  the  electron 
trapping  properties  of  the  oxide  were  investigated  by  biasing  the  field  plate 
positively  and  illuminating  the  sample  to  produce  an  internal  photoemission  of 
electrons  from  the  substrate.  The  sample  current  was  monitored  and,  at 
intervals,  the  high-frequency  (1  MHz)  C-V  characteristic  of  the  sample  was 
measured  to  determine  the  charge  storage. 

The  injection  of  electrons  into  the  unimplanted  control  samples 
resulted  in  essentially  no  change  in  flatband  voltage,  indicating  negligible 
electron  trapping.  In  contrast,  the  aluminum-implanted  samples  showed  strong 
electron  trapping.  Typical  results  obtained  on  an  Al-implanted  sample  are 
shown  in  Figs.  1 and  2.  Here  the  field-plate  voltage  was  held  at  + 10  V 
during  photoinjection.  As  is  shown  in  Fig.  1,  the  C-V  curves  shifted  to  the 
right  as  the  photoinjection  proceeded,  indicating  a buildup  of  negative  charge 
in  the  oxide.  An  important  feature  in  Fig.  1 is  that  the  steady-state  value 
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of  the  flat-band  voltage  Is  virtually  equal  to  the  voltage  applied  to  the 
field  plate  during  the  photoinjection,  indicating  that  the  negative  space 
charge  of  the  trapped  electrons  was  great  enough  to  bring  the  electric  field  at 
the  Si-SiO^  interface  approximately  to  zero.  Corresponding  to  this,  the 
photocurrent  fell  to  a small  value  which  could  be  attributed  to  stray  photo- 
emission from  other  surfaces  in  the  sample  chamber  (Fig.  2)  . An  analysis, 
the  details  of  which  are  given  in  References  12  and  13,  indicated  that  (1) 
essentially  all  injected  electrons  had  been  trapped  in  the  implanted  oxide,  (2) 
that  the  centroid  of  the  negative  charge  distribution  was  located  approximately 

O 

670  A from  the  field  plate,  and  (3)  that  the  observed  decay  in  current  could 

be  explained  by  the  electric-field  dependence  of  the  photoinjection  as 

14 

determined  by  Berglund  and  Powell.  The  negative  space  charge  in  the  implanted 
samples  could  be  annealed  either  optically  by  photons  of  energy  exceeding  4 eV 
or  thermally  at  350°C.  The  traps  themselves  remained,  however,  and  could 
be  recharged  by  a further  photoinjection  of  electrons. 

Figure  3 shows  the  effect  of  annealing  the  aluminum-implanted  sample 
at  600 °C  for  30  min  in  dry  nitrogen.  Curve  A is  the  high-frequency  C-V 
relationship  as  measured  immediately  after  the  anneal.  Curve  B shows  the 
effect  on  the  C-V  curve  of  an  internal  photoinjection  of  electrons  for  25  min 
with  a sample  voltage  of  10  V.  This  is  a saturated  curve;  an  additional 
photoinjection  of  electrons  produced  no  appreciable  further  effect.  The 
rightward  shift  of  Curve  B is  smaller  than  that  observed  in  Fig.  1,  indicating 
that  electron  trapping  has  been  reduced  below  the  amount  which  would  bring  the 
electric  field  at  the  injecting  interface  to  zero.  Correspondingly,  it  was 
observed  that  a steady-state  photocurrent  continued  to  flow.  The  posttrapping 
C-V  curve  is  stretched  out  in  a manner  such  as  would  be  caused  by  a laterally 
nonuniform  storage  of  charge. ^ Further  experiments  along  these  lines  were 
discontinued  when  difficulties  were  experienced  with  adhesion  of  the  gold 
field  plates  to  the  surface  of  the  samples.  However,  we  can  draw  the  following 
conclusions : 

O 

The  1400-A  Al-implanted  sample  trapped  essentially  all  injected  electrons, 
and  the  resulting  space  charge  brought  the  injected  current  approximately  to 
zero,  indicating  that  the  electric  field  at  the  Si-SiO^  interface  had  been 
reduced  approximately  to  zero.  Similar  results  were  obtained  up  to  the  highest 
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Fig.  1.  Voltage  shifts  of  the  C-V  curve  with  time  during  electron  photo  injection 
with  a field-plate  voltage  of  +10  V. 


of  +10  V.  Arrows  Indicate  when  light  was  interrupted  to  record  the  C-V  curves 
of  Fig.  1. 
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field-plate  voltages  (35  V on  these  samples) . With  the  centroid  of  the 
trapped  charge  approximately  at  the  center  of  the  oxide  layer,  i.e.,  near  the 
front  of  the  implantation  profile,  it  seems  clear  that  the  total  number  of 
electron  traps  must  have  been  much  greater  than  the  observed  number  of  trapped 
electrons.  At  a field-plate  voltage  of  35  V,  the  concentration  of  trapped 

electrons  required  to  bring  the  interface  field  to  zero  is  approximately 

12  -2  14  ”2 
5 x 10  cm  , which  is  well  below  the  implantation  dose  of  10  cm 

In  contrast  with  the  almost  complete  electron  trapping  observed  in  the 

unannealed  Al-implanted  sample,  the  trapping  in  the  600°C  annealed  sample 

was  incomplete,  as  shown  by  the  results  of  Fig.  3.  This  indicates  that  the 

annealing  resulted  in  a considerable  reduction  in  the  number  of  electron 

trapping  centers,  and  we  conclude,  therefore,  that  a substantial  fraction  of 

the  electron  traps  found  in  the  unannealed  Al-implanted  oxides  were  due  to  the 

displacement  damage  caused  by  the  implantation. 

2 .4 . Comparison  of  Aluminum-Implanted  and  Neon-Implanted  Silicon  Dioxide 

Further  evidence  regarding  the  electronic  effects  produced  by  displace- 
ment damage  as  opposed  to  those  caused  by  the  implanted  impurities  themselves 
can  be  obtained  by  studying  samples  which  have  been  implanted  with  inert 
atoms  such  as  neon.  For  the  purposes  of  comparison  we  used  two  sets  of 
samples  which  were  identical  except  that  one  was  implanted  with  neon  and  the 
other  with  aluminum.  The  SiO  films  had  been  grown  in  dry  oxygen  to  a thick- 

O ^ 

ness  of  1000  A on  3 ohm-cm  (100)  n-Si  substrates  (sample  designation  HLH-01)  . 

15  -2 

The  aluminum  was  implanted  at  20  keV  to  a fluence  of  10  cm  . The  neon  was 
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implanted  at  20  keV  to  the  somewhat  greater  fluence  of  1.5  x 10  cm  to 
compensate,  to  first  order,  for  its  smaller  atomic  mass.  Semi-transparent 
aluminum  field  plates  were  used. 

Figure  4 shows  the  effect  of  electron  photoin jection  into  an  unannealed 
aluminum-implanted  oxide,  using  various  gate  voltages  as  indicated  in  the 
figure.  At  each  gate  voltage,  electrons  were  photo-injected  for  15-20  min 
to  charge  the  traps  and  the  high-frequency  (1  MHz)  C-V  curve  was  then  taken. 
Except  at  the  highest  gate  voltages,  the  flat-band  voltage  was  approximately 
equal  to  the  gate  voltage  applied  during  the  photoinjection.  The  time 
dependence  of  the  photocurrents  is  shown  in  Fig.  5.  For  gate  voltages  greater 
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Vg  (volts) 

^ig.  4.  effect  or.  ‘he  C-V  curves  of  electron  photoinjection  at  various  field-pla 
\oitages  for  a ' uxirum-implaated  sample  . Silicon  diox lie  1003  A thick, 
implanted  wi‘h  A1  at  20  keV  to  fluence  of  10^D  cm~2 . 


than  6 V a substantial  photocurrent  continued  to  flow,  showing  that  a conduction 
mechanism  is  important  here  that  was  not  important  in  the  more  lightly  implanted 
sample  of  Figs.  1 and  2.  Essentially  the  same  results  were  obtained  at 
reduced  temperature  (128°C) , indicating  that  the  conduction  mechanism  which 
makes  itself  evident  at  the  higher  implantation  fluences  may  be  quantum- 
mechanical  hopping  between  traps  rather  than  thermionic  (Poole-Frenkel) 
emission  from  traps. 

Of  central  interest  here,  however,  is  the  fact  that  essentially  the  same 
results  as  the  above  were  obtained  with  the  neon-implanted  sample,  as  is  shown 
by  comparison  of  Figs.  6 and  7 with  Figs.  4 and  5.  The  smaller  currents  seen 
in  Fig.  7 as  compared  with  Fig.  5 are  not  necessarily  meaningful,  for  the 
alignment  of  the  UV  beam  was  not  necessarily  the  same  in  the  two  cases.  Also, 
the  curve  for  = 24  V is  not  useful  because  the  sample  broke  down  during  the 
progress  of  this  run.  Our  conclusion  is  that  the  neon-inplanted  sample,  which 
presumably  had  only  displacement  damage  to  cause  electronic  activity,  showed 
essentially  the  same  features  as  the  aluminum-implanted  sample,  and  therefore 
that  displacement  damage  contributed  substantially  to  the  electron  trapping 
observed  in  the  aluminum-implanted  oxide. 

As  a further  comparison  between  the  effects  of  neon  implantation  and 
aluminum  implantation,  we  examined  the  radiation  sensitivity  of  both  sets 
of  unannealed  samples.  Figure  8 shows  the  results  obtained  with  the  aluminum- 
implanted  sample.  Curve  1 is  the  original  C-V  relationship.  Irradiation  with 

2.5  x 10"*  rads  (silicon)  with  a field  plate  voltage  of  + 10  V resulted  in 
essentially  no  change.  Curve  2 shows  the  effect  of  irradiation  with  2.5  rads 
(silicon)  at  a field-plate  voltage  of  -10  V.  Further  irradiation  with  an 
additional  1.5  x 10"*  rads  at  -10  V produced  essentially  no  change  in  the  curve. 
The  sample  was  then  biased  with  a field-plate  voltage  of  +10  volts  and  exposed 
to  2.5  x 10"*  rads  (silicon),  resulting  in  Curve  3.  Additional  irradiation  of 

1.5  x 10"*  rads  (silicon)  at  a field-plate  voltage  of  +10  V produced  Curve  4. 

The  curves  are  somewhat  stretched  out  after  irradiation,  presumably  because 
of  the  generation  of  interface  states,  but  the  radiation  hardness  under 
positive  field-plate  voltage  is  evident. 

Figure  9 shows  the  results  obtained  with  a neon-implanted  sample.  Curve 
1 is  the  original  C-V  characteristic.  Curve  2 was  obtained  after  X-irradiation 
of  2.5  x 10"*  rads  (silicon)  with  the  field  plate  at  +10  V,  and  Curve  3 shows 


Photocurrents  vs.  time  at  various  gate  for  neon-implanted 
sample.  fSame  sample  as  Fig.  6.) 


•Tilt 


Effect  of  X-irradiation  of  aluminum-implanted  sample.  Silicon  dioxide  1000 
thick,  implanted  with  A1  at  20  keV  to  fluence  of  10^  cm'^. 
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the  effect  of  an  additional  1.5  x 10^  rads  (silicon)  with  the  field  plate  at 
- 10  V.  The  radiation  effects  shown  in  Figs.  8 and  9 are  very  similar,  in- 
dicating that  displacement  damage  had  an  l lportant  effect. 


I' 
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2.5.  Summary 

The  electron-trapping  properties  of  aluminum- imp lan ted,  neon-implanted, 
and  control  samples  of  thermally  grown  films  of  silicon  dioxide  were  investi- 
gated. The  traps  could  be  charged  by  electrons  which  were  internally  photo- 
injected  into  the  oxide  and  could  be  discharged  either  optically  by  photons  of 
energy  exceeding  4 eV  or  thermally  at  350°C.  The  voltage  shift  of  the  high- 
frequency  (1  MHz)  capacitance-voltage  curves  provided  a measure  of  the  trapped 
charge . 

The  control  samples  of  dry-grown  SiO  showed  negligible  electron  trapping. 

° 1 14  2 

Dry-grown  1400  A samples  of  SiO^,  implanted  with  10  aluminum  ions/cm  at 

20  keV,  showed  electron  trapping  great  enough  to  trap  essentially  all  of  the 

photoinjected  electrons  during  transit.  A 600°C  anneal  for  30  min  considerably 

reduced  the  concentration  of  electron  traps.  From  this,  and  also  from  an 

observed  similarity  between  the  trapping  effects  in  unannealed  aluminum-  and 

neon-implanted  samples,  it  is  concluded  that  a substantial  fraction  of  the 

traps  were  associated  with  displacement  damape  created  by  the  ion  implantation. 

3.  EFFECTS  OF  LOW-ENERGY  ELECTRON  RADIATION  ON  MOS  CAPACITORS 
3.1.  Introduction 


The  objectives  of  this  study  were  first,  to  develop  effective  methods 
for  measuring  the  transport  and  trapping  parameters  of  thermally  grown  SiO^ 
films  which  have  been  exposed  to  radiation  environments,  and  second,  to  study 
changes  in  the  defect  structures  in  the  oxide  following  exposure  to  electron 
irradiation.  It  is  well  known  that  if  a suitable  Injecting  contact  can  be 
provided  to  an  insulator,  the  structure  of  the  resulting  one-carrier  current- 
voltage  characteristic  can  serve  as  a powerful  probe  of  the  trap  structure. ^ 
The  major  difficulty  in  employing  this  technique  with  SiO^  films  is  the  wide 
band  gap  of  this  material  ("v  9 eV)  and  the  consequent  unavailability  of  any 
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conventional  ohmic  contact.  This  problem  can  be  at  least  partially  circum- 
vented by  using  a low-energy  electron  beam  to  inject  electrons  just  under  the 
surface  of  the  insulator,  thus  providing  a quasi-ohmic  contact.  The  silicon 
substrate,  biased  positively,  serves  as  the  anode.  Curves  of  the  relative 

rates  of  electron-beam  energy  deposition  in  SiO  , based  on  the  work  of 
17  2 

Everhart  and  Hoff,  are  given  in  Fig.  10  for  various  electron  beam  energies. 

Two  distance  scales  are  shown,  corresponding  to  aluminum  field  plates  of  two 

O O 

different  thicknesses:  100  A and  500  A.  It  can  be  seen  that  with  an 

O 

aluminum  field  plate  of  500  A thickness,  a 3 kV  electron  beam  will  dissipate 

o o 

almost  all  of  its  energy  in  the  first  1000  A of  oxide.  If  an  oxide  of  5000  A 

O 

thickness  is  used  in  the  experiment,  the  remaining  4000  A of  oxide  will  serve 
as  the  drift  region  for  study  of  the  transport  and  trapping  properties  of  the 
insulator.  Section  3.2  describes  typical  results  obtained  by  use  of  this 
technique;  Sec.  3.3  describes  a study  of  the  electron  traps  which  are  found 
to  be  generated  in  the  SiO^  by  the  electron-beam  irradiation.  Further  details 
regarding  these  studies  can  be  found  in  Reference  18. 

3.2.  Study  of  Electron-Beam-Induced  Conduction  in  SiO,, 

A typical  set  of  results  obtained  in  this  study  is  shown  in  Fig.  11.  The 

O 

sample  had  a 4000  A layer  of  SiO^  which  was  grown  at  1000 °C  in  dry  oxygen. 

The  substrate  was  n-type  silicon,  (100)  orientation,  1-5  ohm-cm  resistivity. 

O 

The  field  plate  was.  of  aluminum,  400  A in  thickness.  The  sample  was  bombarded 
through  an  aperture  with  a 2.8  kV  electron  beam  which  had  normal  incidence  on 
the  field  plate.  The  field  plate  was  grounded,  and  a positive  voltage  was 
applied  to  the  substrate.  The  graphs  of  Fig.  11  show  the  steady-state  J-V 
relationships  obtained  at  room  temperature  with  two  different  beam  currents 
(open  circles  and  solid  circles)  and  at  elevated  temperature  (100 °C,  triangles)  . 

The  following  features  can  be  seen  in  these  results : 

(1)  The  J-V  characteristic  has  two  distinct  regions:  an  ohmic  region  and 
a square-law  region. 

(2)  The  current  at  a given  voltage  is  linearly  proportional  to  the  beam 

current.  j 

(3)  The  current  is  essentially  independent  of  the  temperature. 
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Fig. 11.  Current-voltage  character- 
istic for  fixed  beam  voltage,  two 
beam  currents,  and  two  temperatures 
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A square-law  J-V  relationship  is  expected  for  single-carrier  space-charge- 

limited  conduction When  trapping  is  negligible,  the  expected  relationship  is 

19 

given  by  the  Mott-Gurney  formula: 


J 


(3.1) 


where  e is  the  dielectric  permittivity  of  the  insulator,  y is  the  charge- 
carrier  mobility,  V is  the  voltage  across  the  drift  region,  and  L is  the 
length  of  the  drift  region.  If  some  of  the  carriers  are  trapped,  the  trapped 
space  charge  contributes  to  the  voltage  but  not  to  the  current,  and  the 
current  is  correspondingly  reduced 


(3.2) 


where  6 is  the  ratio  of  free  carriers  to  the  sum  of  free  and  trapped  carriers. 
In  the  steady  state,  the  trapping  and  emission  rates  are  equal,  and  If  the 
emission  from  traps  is  thermally  stimulated,  the  value  of  0 is  given  by 

^thermal  ' ^ ' V/kT>  O.V 


where  N is  the  effective  density  of  states  in  the  conduction  band,  N is 
c t 

the  density  of  trapping  centers,  g is  the  degeneracy  factor  of  the  traps, 

is  the  depth  of  the  traps  below  the  edge  of  the  conduction  band,  k 
is  the  Boltzmann  constant,  and  T is  the  absolute  temperature. 

The  square-law  regions  in  Fig.  11  fit  Eq . (3.2)  with  a value  of  0 much 


smaller  than  unity.  Computation  shows  that  the  required  density  of  trapped 

17  -2 

elect’,  jns  Is  of  the  order  of  10  cm  , which  is  much  greater  than  the  den- 
sity normally  expected  for  electron  traps  in  thermally  grown  SiO. 

14  -2  7 ^ 

('v  10  cm  ) . Also,  the  electron  traps  must  be  in  the  bulk  of  the  oxide, 

not  entirely  at  either  interface.  An  interpretation  of  the  foregoing  result  is 

that  the  shallow  electron  bombardment  resulted  in  the  generation  of  electron 

trapping  centers  in  the  bulk  of  the  oxide,  ahead  of  the  range  of  the  primary 

electrons  themselves. 
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Substantiating  evidence  was  as  follows.  Observation  (2),  namely  that  the 

current  was  linearly  proportional  to  the  electron-beam  current,  can  be 

explained  on  the  basis  of  photon-induced  detrapping  of  trapped  carriers,  the 

photons  being  produced  by  the  primary  electrons  in  stopping.  The  flux  of 

such  photons,  and  the  resulting  rate  of  detrapping,  would  be  proportional  to 

the  beam  current.  An  alternative  explanation,  namely  that  the  current  was 

contact-limited,  is  inconsistent  with  the  square-law  characteristic,  for 
2 

J “ V is  typical  of  space-charge  limitation  rather  than  contact  limitation. 
Finally,  Observation  (3),  namely  that  the  current  was  independent  of 
temperature,  indicates  that  emission  from  the  traps  was  not  thermally  induced. 
This  is  consistent  with  the  interpretation  in  terms  of  photon-induced  emission. 
The  existence  of  an  ohmic  region  preceding  the  equare-law  region,  as  seen  in 
Fig.  11,  is  also  consistent  with  the  foregoing  interpretation,  for  photons 
with  energies  considerably  greater  than  the  oxide  band  gap  can  penetrate 
through  the  oxide  and  generate  hole-electron  pairs  in  proportion  to  the  beam 
current.  The  space-charge-limited  square  law  is  seen  at  higher  voltages 
where  the  injection  of  carriers  from  the  electron  reservoir  dominates  over 
the  pair  production  in  the  bulk. 

In  order  to  obtain  independent  evidence  regarding  the  generation  of 
electron  traps  by  the  electron  irradiation,  a further  study  of  electron 
trapping  was  conducted,  as  described  in  the  next  section. 

3.3.  Study  of  Electron  Traps  Generated  in  SiO,,  by  Electron-Beam  Irradiation 

In  this  study  of  electron  trapping  in  electron-irradiated  SiO^ , the 
traps  in  the  oxide  were  charged  by  an  internal  photoinjection  of  electrons 
and  were  discharged  thermally.  The  storage  of  trapped  charge  was  determined 
from  C-V  curves  measured  at  1 MHz.  The  internal  photoinjection  was  accomplished 
by  biasing  the  field  plate  either  positively  or  negatively  depending  on  whether 
electron  injection  was  desired  from  the  substrate  or  from  the  field  plate,  and 
the  structure  was  illuminated  through  the  semi-transparent  field  plate  with 
4-eV  photons . 


Control  samples  slowed  negligible  electron  trapping  (consistent  with  a 

14  -3 

concentration  of  electron  traps  on  the  order  of  10  cm  ) . 
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Figure  12  shows  typical  results  obtained  on  a dry-grown  oxide  of  4700  A 
thickness.  The  substrate  was  n-type  silicon,  (100)  oriented),  1-5  ohm-cm 

O 

resistivity.  The  field  plate  was  aluminum,  150  A in  thickness.  Curve  1 is 
the  C-V  curve  of  the  sample  before  irradiation  with  electrons.  Curve  2 shows 
the  effect  of  irradiation  with  a 4.5  keV  electron  beam  which  deposited  most 

O 

of  its  energy  within  the  first  2000  A of  the  oxide.  The  dose  of  electrons 
15  2 

was  7 x 10  per  cm  . The  stretch-out  of  the  curve  indicates  the  presence  of 

interface  states.  Curve  3 shows  the  result  of  a one-hour  anneal  at  300°C  which 

removed  most  of  the  interface  states.  The  effect  of  negative  charge  storage, 

presumably  in  electron  traps,  is  now  shown  clearly  by  the  positive  shift  of 

flat-band  voltage  compared  with  Curve  1.  Some  electrons  might,  of  course,  have 

been  removed  from  the  traps  by  the  anneal.  Curve  4 shows  the  result  obtained 

after  photoinjecting  electrons  from  the  substrate  into  the  SiO^ . Some  of  these 

electrons  were  trapped  in  the  oxide,  increasing  the  positive  flat-band  voltage 

shift.  Curve  5 was  obtained  after  an  additional  photoinjection  of  electrons, 

this  time  for  the  metal  field  plate.  A small  additional  storage  of  negative 

charge  is  seen  here.  Computation  shows  that  the  negative  trapped  charge,  if 

16  3 

uniform,  amounted  to  4 x 10  electrons/cm  , which  is  at  least  two  orders 
of  magnitude  greater  than  the  negative  trapped  charge  observed  in  the  control 
samples  under  similar  conditions. 

As  is  shown  by  Curve  6 of  Fig.  12,  an  anneal  for  2 hrs  at  350 °C  discharged 
the  traps  almost  completely.  The  traps  themselves  remained  after  this  treat- 
ment, however,  for  a further  injection  of  electrons  restored  a positive  flat- 
band  shift  similar  to  that  shown  by  Curve  5 of  Fig.  12.  Alternate  charging  and 
discharging  could  be  carried  out  repeatedly  without  causing  any  apparent 
reduction  in  the  concentration  of  traps.  The  traps  were  deep,  attempts  at 
photodepopulation  at  photon  energies  up  to  4 eV  producing  no  appreciable 
effect.  The  stored  charge  was  stable  at  room  temperature  over  a period  of 
days . 

The  original  interpretation  of  the  J-V  curves,  given  in  Sec.  3.2, 
required  the  traps  to  be  distributed  through  the  bulk  of  the  oxide.  To  check 
this,  the  voltage  dependence  of  photoemission  was  measured  for  samples  which 
had  been  irradiated  with  electrons,  then  discharged  by  a thermal  anneal,  and 
finally  recharged  to  saturation  by  electron  photoinjection.  When  the  bulk 
contains  a negative  space  charge,  a photoinjection  of  electrons  will  not  occur 
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vidence  of  electron  trapping  in  SiO  after  irradiatior 
y a nonpenetrating  electron  beam.  ^ 
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until  the  voltage  has  been  raised  higher  than  the  threshold  value  above  which 
the  electric  field  at  the  negative  contact  is  in  the  direction  which  drifts 
electrons  from  the  contact  into  the  insulator.  The  value  of  this  threshold 
voltage  depends  on  the  amount  of  charge  stored  in  the  insulator  and  on  the 
relative  position  of  the  centroid  of  the  charge  distribution  with  respect 
to  the  negative  contact.  The  measured  I-V  curves  for  the  negatively  charged 
oxide  showed  approximately  equal  threshold  voltages  for  the  two  polarities 
of  bias,  indicating  that  the  centroid  of  the  negative  charge  distribution  was 
roughly  at  the  center  of  the  oxide  layer. 

A preliminary  study  was  made  of  the  effect  of  electron-beam  energy  on 
charge  storage,  using  HCl-steam  grown  oxides.  The  most  complete  results  were 
obtained  with  oxides  grown  on  n-type  substrates.  In  correspondence  with  the 
results  described  above  for  dry-grown  oxides,  negative  charge  storage  was 
observed  at  the  lower  beam  energies  where  the  electron  team  penetrated  only 
partially  through  the  oxide.  However,  at  larger  beam  energies,  where  the 
electron  beam  penetrated  to  the  interface,  positive  charge  storage  dominated. 
Furthermore,  when  the  energy  of  the  beam  was  reduced  into  the  nonpenetrating 
range,  net  negative  charge  was  restored,  indicating  that  electron  fluence 
was  not  the  important  factor  in  determining  the  sign  of  the  net  stored 
charge.  It  would  appear  that  two  charge-storage  effects  are  present:  negative 
charge  storage  in  electron  traps  generated  by  the  beam  in  the  bulk  of  the 
oxide,  and  positive  charge  storage,  presumably  near  the  silicon-oxide  inter- 
face, caused  by  the  penetrating  electron  beam. 

3 .4 . Summary 

The  J-V  curves  of  thermally  grown  SiO^  films  on  silicon  were  investigated 
by  using  a nonpenetrating  beam  of  electrons  to  provide  a reservoir  of  free 
electrons  immediately  under  a field  plate  and  drifting  the  electrons  toward 
the  positively  biased  silicon  substrate.  A square-law  dependence  of  current 
on  voltage  was  interpreted  in  terms  of  single-carrier  space-charge-limited 
conduction  with  trapping  of  the  carriers.  Linear  dependence  of  the  sample 
current  on  the  electron-beam  current  and  lack  of  temperature  dependence  were 
interpreted  in  terms  of  deep  electron  trapping  with  photon-stimulated  detrapping, 
the  photons  being  produced  by  the  primary  electron  beam  itself.  Further  study 
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of  the  electron  traps  showed  that  they  could  be  discharged  by  an  anneal  at 
350 °C  for  2 hrs,  and  that  they  could  subsequently  be  recharged  by  internally 
photoinjecting  electrons  from  either  electrode.  The  absence  of  similar 
electron  trapping  in  control  samples  indicated  that  the  electron-beam 
irradiation  was  responsible  for  generation  of  the  electron  traps. 

Measurement  of  the  positive  and  negative  threshold  voltages  required 
to  produce  photocurrents  through  negatively  charged  oxides  indicated  that 
the  centroid  of  the  negative  charge  distribution  was  roughly  at  the.  center 
of  the  oxide  layer,  confirming  an  assumption  made  in  the  interpretation  of 
the  J-V  curves.  This  indicates  that  the  traps  are  generated  through  the 
bulk  of  the  oxide,  well  ahead  of  the  range  of  the  primary  electrons  themselves. 

4.  STUDY  OF  LATERAL  NONUNIFORMITIES  AND  INTERFACE  STATES  IN  MIS  STRUCTURES* 
4.1.  Introduction 

For  the  past  several  years  the  semiconductor-insulator  interface  has 
been  the  subject  of  intensive  study,  first  because  it  plays  an  important 
role  in  the  characteristics  of  metal-insulator  semiconductor  (MIS)  devices 
and  secondly  because  it  is  the  least  understood  part  of  the  MIS  structure. 
Capacitance-voltage  (C-V)  curves  are  an  important  diagnostic  tool  in  the 
study  of  MIS  structures.  As  is  well  known,  the  flatband  voltage  of  an  MIS 
capacitor,  as  deduced  from  a C-V  curve,  provides  a convenient  measure  of 
the  charge  stored  in  the  insulating  layer.  Commonly  observed,  however, 
is  an  abnormal  stretch-out  of  the  C-V  curve  along  the  voltage  axis.  Two 
entirely  different  mechanisms  cause  very  similar  stretch-outs:  interface 

states,  and  lateral  nonuniformities Interface  states  are  those 
electronic  states  which  exist  at  the  semiconductor-insulator  interface  and 
can  exchange  charge  with  the  semiconductor.  Lateral  nonuniformities  include 
nonuniform  insulator  thickness,  laterally  nonuniform  substrate  doping,  and, 
most  commonly,  nonuniform  charge  storage  in  the  insulator.  C-V  stretch- 
out was  originally  attributed  entirely  to  interface  states,  but  it  now  seems 
likely  that  some  of  the  problems  were  due  instead  to  lateral  nonuniformities, 
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since  the  effects  of  the  two  on  the  C-V  curves  resemble  each  other.  It  is 

therefore  important  to  identify  the  cause  of  C-V  stretch-out  correctly 

and  to  characterize  the  effect  properly. 

When  an  MIS  structure  is  laterally  uniform,  and  any  C-V  stretch-out 

is  therefore  caused  only  by  interface  states,  the  density  of  interface 

states  as  a function  of  energy  can  be  obtained  by  any  one  of  a number  of 
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well  known  and  effective  methods.  The  situation  regarding  the  identi- 

fication and  characterization  of  lateral  nonuniformities  is  much  less 

satisfactory.  The  study  of  the  a-c  conductance  of  MOS  capacitors  made  by 

27 

Nicollian  and  Goetzberger  indicated  that  a conductance  measurement  can  be 
used  to  distinguish  the  effects  of  lateral  nonuniformities  from  those 
of  interface  states.  They  related  the  area  under  the  G/oj  vs.  w curve 
to  the  density  of  interface  states  and  interpreted  the  broadening  of  the 

26 

conductance  peak  in  terms  of  lateral  nonuniformities.  Castagne  and  Vapaille 
used  several  C-V  methods  in  an  effort  to  determine  the  density  of  interface 
states  of  MOS  capacitors  after  drifting  ions  to  the  Si-SiO^  interface.  They 
found  that  the  different  methods  indicated  different  densities  of  interface 
states,  and  concluded  that  this  discrepancy  showed  that  the  C-V  stretch- 
out which  they  observed  was  due  not  to  interface  states  but  to  lateral 

28 

nonuniformities.  Brews  and  Lopez  have  suggested  two  methods,  based  on 
this  principle,  for  testing  for  the  presence  of  lateral  nonuniformities. 

In  this  work  we  have  developed  three  new  methods  for  distinguishing 
the  effects  of  lateral  nonuniformities  from  those  of  interface  states.  Two 
of  the  methods  are  based  on  the  frequency  dependence  and  temperature 
dependence,  respectively,  of  the  response  of  interface  states.  The  third 
method  is  based  on  the  principle  (proved  in  Ref.  20)  that  if  the  C-V 
stretch-out  is  caused  by  lateral  nonuniformities,  the  quasi-static  and  high- 
frequency  C-V  curves  cannot  both  be  fitted  simultaneously  by  any  distribution 
of  interface  states.  The  converse  of  this  statement  is  also  true.  The 
convenient  application  of  this  principle  makes  use  of  a new  and  simple 
method  that  we  have  developed  for  the  determination  of  the  distribution  of 
flatband  voltages  in  an  MIS  structure  that  has  a nonuniform  charge  storage. 

As  our  model  of  a laterally  nonuniform  MOS  capacitor  we  have  taken 
a parallel  combination  of  noninteracting  small  capacitors,  each  of  which 
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can  be  considered  to  be  uniform  over  a small  characteristic  area.  As 

29  i 

Brews  has  pointed  out,  this  model  will  not  provide  an  accurate  representa- 
tion for  lateral  nonuniformities  of  small  dimensions  (e.g.,  individual  ions) 

30 

that  are  laterally  well  separated.  In  addition,  Gordon  has  shown  that 
in  the  inversion  regime  the  individual  elementary  capacitors  interact  at 
their  edges  through  the  minority  carriers  of  the  inversion  layer.  Despite 
these  faults,  the  parallel-capacitor  model  is  a reasonable  first-order 
representation  and  has  the  advantage  of  being  more  readily  amenable  to 
analysis  than  the  more  complex  representations. 


4.2.  Frequency  Method 


As  is  discussed  in  some  detail  in  Ref.  20,  the  C-V  relationship  of  an 

MIS  capacitor  without  interface  states  is  frequency-independent  from 

approximately  100  Hz  up  to  the  majority-carrier  ohmic  relaxation  frequency 
12 

of  perhaps  10  Hz.  In  contrast  with  this,  interface  states  near  the 

center  of  the  silicon  bandgap  have  response  times  on  the  order  of  a millisecond, 

and  in  the  depletion  regime  the  interface-state  capacitance  will  show  a 

frequency  dependence  over  a range  from  perhaps  100  Hz  to  1 MHz,  i.e., 

within  the  range  of  easy  measurement.  An  example  of  this  is  shown  in  Fig. 

13  for  an  MOS  capacitor  in  which  interface  states  had  been  generated  by 
subjecting  the  oxide  to  a high  electric  field.  The  frequency  dispersion 
of  the  "high-frequency"  C-V  curves  shows  the  presence  of  the  interface 
states.  By  contrast.  Curve  1 of  Fig.  14  was  taken  on  a sample  with 
negligible  interface  states  but  having  a laterally  nonuniform  charge 
storage  caused  by  bombarding  the  sample  with  a low-energy  nonpenetrating 
electron  beam,  after  which  the  sample  as  annealed  at  350°C  for  one  hour. 

The  nonuniformity  of  charge  storage  was  caused  by  spatial  nonuniformity  of 
the  bombarding  electron  beam.  Virtually  identical  C-V  curves  were  obtained 
at  measuring  frequencies  of  1 kHz,  10  kHz,  100  kHz,  and  1 MHz.  Calculated 
ideal  C-V  curves  are  shown  by  dashed  lines  for  comparison.  The  departure 
of  Curve  1 from  the  ideal,  together  with  the  lack  of  frequency  dependence, 
shows  the  presence  of  lateral  nonuniformities. 

The  frequency  method  actually  detects  interface  states  rather  than 
lateral  nonuniformities,  and  one  can  not  be  sure  whether  an  observed 


I 


generated  by  subjecting  the  oxide  to  an  electric  field  of  6.8  MV/cm  for  10  hrs 
at  room  temperature,  field  plate  negative. 


Showing  the  frequency  independence  of  the  C-V  curves  of  an  MOS  capacitor  with  laterally 
nonuniform  charge  storage.  The  dashed  curves  are  calculated  ideal  C-V  characteristics. 
Substrate  resistivity  3-5  ohm  cm,  oxide  thickness  4700  A. 
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frequency-dependent  stretch-out  is  due  to  interface  states  only  or  due  to 
both.  This  problem  can  partially  be  solved  by  comparing  the  100  Hz  C-V 
curve  with  the  quasistatic  C-V  curve  in  accumulation  and  mild  depletion; 
these  curves  must  coincide  if  the  stretch-out  is  due  to  interface  states 
only.  We  say  "partially  solved"  because  this  observation  is  unable  to 
detect  tiny  nonuniformities . The  low-temperature  method  (Section  4.3)  and 
the  C-V  comparison  method  (Section  4.4)  are  of  aid  in  solving  this  difficulty. 

4.3.  Low-Temperature  Method 


At  liquid  nitrogen  temperature  the  emission  times  of  majority  carriers 
from  interface  states  are  very  long  except  for  those  states  near  the 
majority-carrier  band  edge.  If  the  MIS  structure  is  biased  into  accumula- 
tion and  the  bias  is  then  swept  into  depletion,  the  low-temperature  high- 
frequency  C-V  curve  of  a uniform  structure  will  coincide  with  the  ideal 
(translated)  C-V  curve  when  the  Fermi  level  has  departed  from  the  majority- 
carrier  band  edge  by  a few  tenths  of  a volt.  The  C-V  curve  of  a nonuniform 
capacitor  will  not  show  this  coincidence  but  will  remain  stretched  out. 

This  effect  is  illustrated  in  Figs.  15  and  16.  The  sample  of  Fig.  15  had 
appreciable  concentrations  of  interface  states  which  had  been  generated  by 
high-voltage  stressing.  The  lower  solid  curve  was  obtained  at  100°K  by 
biasing  into  accumulation  and  then  sweeping  into  deep  depletion  at  the 
rate  of  5 V/sec.  The  dashed  curve  is  an  essentially  ideal  characteristic 
which  was  obtained  on  the  sample  before  stressing  and  which  has  been 
translated  into  coincidence  with  the  solid  curve  in  the  depletion  region.  This 
coincidence  indicates  that  the  sample  was  essentially  uniform.  On  the 
other  hand.  Fig.  16  shows  the  result  obtained  from  this  test  on  a sample 
which  had  an  appreciable  contamination  of  positive  ions  (presumably  sodium) 
which  had  been  drifted  to  the  insulator-semiconductor  interface  at 
elevated  temperature.  The  dashed  curve  of  Fig.  16  is  a translated, 
essentially  ideal,  curve  which  was  obtained  from  the  sample  before  ion 
drift.  The  lack  of  coincidence  indicates  that  the  positive  ion  concentration 
at  the  interface  is  nonuniform. 
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b hrs.  electrical  stressing  at  room  temperature.  The  point 
condition  when  the  Fermi-level  lies  0. 25eV  below  E at  the 
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A further  low-temperature  test,  illustrated  by  the  upper  curve  in 
Fig.  15,  is  useful  when  interface  states  are  present.  When  the  lower 
curve  has  been  completed,  the  sample  is  brought  out  of  deep  depletion  by 
temporary  illumination.  This  process  fills  the  interface  states  with 
minority  carriers.  The  gate  voltage  is  then  swept  slowly  toward  accumula- 
tion. When  the  density  of  majority  carriers  at  the  interface  becomes 

appreciable,  the  interface  states  begin  to  fill  with  these  carriers, 

20  31 

causing  a ledge  in  the  characteristic.  ’ The  average  density  of 
interface  states  in  (roughly)  the  lower  half  of  the  gap  can  be  estimated 

from  AV  C /q,  where  A V is  the  width  of  the  ledge.  From  Fig.  15  this 

8 °X  8 11  -2 
estimate  yields  the  density  2 x 10  cm 


4.4.  C-V  Comparison  Method 

The  comparison  method  that  we  propose  is  based  on  the  principle 
(proved  in  Ref.  20)  that  when  a C-V  stretch-out  is  caused  by  lateral 
nonuniformities,  the  resulting  quasistatic  and  high-frequency  C-V  curves 
cannot  both  be  fitted  by  any  distribution  of  interface  states,  and, 
conversely,  if  the  stretch-out  is  caused  by  interface  states,  the  resulting 
quasistatic  and  high-frequency  C-V  curves  cannot  both  be  fitted  by  any 
lateral  distribution  of  flatband  voltages.  The  convenient  application  of 
this  principle  utilizes  the  method  for  determination  of  the  distribution 
of  flatband  voltages  presented  in  Section  4.5. 

A convenient  method  for  utilizing  the  foregoing  principle  is  to 
perform  a combination  of  two  tests,  as  follows: 

1.  Test  for  lateral  nonuniformities  by  assuming  the  opposite,  i.e., 

assume  that  all  the  stretch-out  is  due  to  interface  states.  Then:  (a) 

2 A 

obtain  the  surface  potential  0(V  ) by  Berglund's  method,  (b)  from  this 

(j 

result  compute  the  corresponding  high-frequency  curve  C (0(V„)),  and 

Hr  b 

(c)  compare  the  computed  C„  -V  curve  with  the  measured  C -V  curve.  A 

Hr  Hr 

mismatch  between  the  two  will  indicate  the  presence  of  lateral  nonuniform- 
ities . 
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2.  Test  for  Interface  states  by  assuming  the  opposite,  i.e.,  assume  that 
all  the  stretch-out  is  due  to  lateral  nonuniformities.  Then:  (a) 
determine  the  distribution  of  flatband  voltages  from  the  measured  quasi- 
static and  high-frequency  C-V  curves  by  the  method  described  in  Sec.  4.5 
(this  method  is  restricted  to  nonuniform  charge  storage,  but  this  is  the 
most  common  case),  (b)  using  this  hypothetical  distribution  of  flatband 
voltages,  regenerate  the  two  C-V  curves  by  computer,  and  (c)  compare  the 
two  regenerated  curves  with  the  measured  curves.  A discrepancy  indicates 
the  presence  of  interface  states. 

Two  examples  will  now  be  presented,  one  for  a sample  with  interface 
states  and  the  other  for  a sample  with  lateral  nonuniformities. 

The  solid  curves  of  Fig.  17  are  the  quasi-static  and  high-frequency 
(1  MHz)  C-V  curves  for  a sample  in  which  interface  states  had  been 
generated  by  high-field  stress  (same  sample  as  in  Fig.  13) . We  test  for 
interface  states  by  assuming  the  opposite.  By  use  of  the  method  of  Sec.  4.5 
we  compute  the  hypothetical  distribution  of  flat-band  voltages  caused  by 
lateral  nonuniformities.  The  resulting  distribution,  shown  in  Fig.  18, 
is  then  used  in  a computer-regeneration  of  the  C-V  curves,  yielding  the 
results  shown  by  the  dotted  curves  of  Fig.  17.  The  considerable  mismatch 
between  these  and  the  measured  C-V  curves  indicates  the  presence  of 
substantial  concentrations  of  interface  states. 

Next,  we  apply  the  test  for  lateral  nonuniformities  by  again  assuming 
the  opposite  condition.  The  dotted  curve  in  Fig.  19  is  the  high-frequency 
relationship  calculated  from  the  quasi-static  curve  under  the  assumption 
that  the  stretch-out  is  entirely  due  to  interface  states.  The  close 
agreement  between  the  reasured  and  computed  high-frequency  C-V  curves 
indicates  that  later"'.r  nonuniformities  are  negligible  in  this  sample. 

Figures  20  and  21  show  the  results  obtained  with  a sample  that  had 
been  bombarded  with  a nonuniform  electron  beam  to  produce  a nonuniform 
storage  of  charge.  First  we  assume  the  distortion  to  be  due  entirely  to 
lateral  nonuniformities,  and  use  the  quasi-static  and  high-frequency  curves 
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Fig*  18,  Hypothetical  distribution  of  flat-band  voltages 

derived  from  the  measured  C-V  curves  of  Fig.  17 
and  uScu  as  the  basis  for  the  computer-regenerated 
(dotted)  curves  of  that  figure. 


Flat-band  voltage  (volts) 


(a)  Measured  (solid  lines)  and  calculated  (dots)  C-V 
curves,  (b)  Lateral  distribution  of  flat-band  voltages 
determined  from  the  measured  curves  of  (a)  by  the  method 
described  in  Sec.  4.5. 


Fig.  20. 


[solid  lines  of  Fig.  20(a)]  to  determine  the  corresponding  distribution  of 
flatband  voltages,  thus  yielding  the  results  of  Fig.  20(b).  From  this 
distribution  of  flat-band  voltages  we  then  compute  the  quasi-static  and 
high-frequency  curves,  thus  obtaining  the  points  shown  by  dots  in  Fig. 

20(a) . The  correspondence  Indicates  that  interface  states  are  not  impor- 
tant and  that  the  observed  distortion  of  the  C-V  curves  is  caused  by  a 
laterally  nonuniform  storage  of  charge.  As  a check,  we  also  compute  the 
high-frequency  C-V  curve  from  the  measured  quasi-static  curve  assuming 
the  stretch-out  to  be  due  entirely  to  interface  states.  The  result  is 
shown  in  Fig.  21.  The  lack  of  correspondence  shows  the  presence  of  lateral 
nonuniformities . 

4.5.  Determination  of  Flatband  Voltage  Distribution 

In  this  section  we  restrict  our  attention  to  MIS  capacitors  which 

have  a laterally  nonuniform  storage  of  charge  in  the  insulator  but  are 

otherwise  uniform  (insulator  thickness,  substrate  doping),  and  which  have 

negligible  interface  states.  The  objective  will  be  to  devise  a method 

for  determining  the  lateral  distribution  of  flatband  voltages  from  the 

stretched-out  quasi-static  and  high-frequency  C-V  curves,  using  the 

parallel-array  model.  The  problem  is  mathematically  intractable  unless 

approximations  are  made,  and  the  approximation  that  we  have  chosen  can  be 

understood  with  the  aid  of  Fig.  22.  The  top  tiwo  graphs  of  Fig.  22 

represent  typical  quasi-static  and  high-frequency  curves  for  a uniform  MIS 

capacitor  with  negligible  interface  states  and  a flatband  voltage  V 

15  -3FB 

(actually  computed  for  a p-Si  MOS  capacitor  with  N = 5 x 10  cm  and 

o A 

xqx  = 1000  A).  Part  (b)  of  Fig.  22  shows  the  distribution  function  of 

flatband  voltages,  this  being  a delta  function  of  unit  area.  Part  (c) 

of  Fig.  22  shows  the  difference  between  the  two  capacitance  functions: 

C._(V„)  - CU_(V  ) . This  difference  is  essentially  zero  for  gate  voltages 
CJo  G Hr  u 

smaller  than  Vpo  + V where  V_  is  the  turn-on  voltage  of  an  ideal  MIS 
FB  T T 32 

capacitor  having  the  same  insulator  thickness  and  substrate  doping. 
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(a)  Typical  quasi-static  and  high-frequency  C-V  curves  for  a 
uniform  MOS  capacitor  with  negligible  interface  states.  (b) 
Distribution  function  of  flatband  voltages,  (c)  Cqs  - CHp, 
to  be  approximated  by  a step  function  in  the  analysis. 
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For  gate  voltages  larger  than  V_,_  + V„  the  difference  in  capacitances 

CD  T 


rapidly  approaches  a constant  value  denoted  by  y.  The  approximation  that 


we  shall  make  is  that  can  be  represented  with  sufficient  accuracy 


by  a step  function  that  is  zero  for  V < V + V and  has  the  value  y 

G r B T 


for  V„  > V + V . 
G FB  T 


The  application  of  the  foregoing  approximation  to  a nonuniform  MIS 
capacitor  is  shown  in  Fig.  23.  The  nonuniform  capacitor  is  taken  to  be  a 
parallel  array  of  small  capacitors  which  have  a distribution  of  flatband 


voltages  described  by  a distribution  function  f(V  ).  With  the  gate 

r D 


voltage  of  the  nonuniform  capacitor  at  the  value  V_,  all  of  the  small 


capacitors  having  flatband  voltages  less  than  V_  - V are  turned  on,  and 

G T 


those  having  flatband  voltages  greater  than  this  value  are  turned  off. 


An  increment  of  gate  voltage  dV  increases  the  fraction  of  turned-on 

G 


capacitors  by  the  amount  f(V  - V )dV  , thus  causing  an  increment  in  the 

G T G 


capacitance-difference  curve  given  by 


d<CQS  - CHF>  ' *«V0  - VdVG 


(4.1) 


From  this  we  obtain  for  the  p-substrate  MIS  capacitor: 


1 d 


f(vG  V=  y dV  [CQS(VG)  " CHF(VG^ 
G 


(4.2) 


The  distribution  function  of  flatband  voltages,  f(V  ),  is  obtained  by 

r b 


translating  the  function  of  V given  by  Eq . (4.2)  in  the  negative-V 

G G 


direction  by  the  amount  V^. 


In  a similar  manner  it  can  be  shown  that  the  corresponding  expression 
for  an  n-substrate  MIS  capacitor  is 


f(vG  - vT) 


Y dV  ^CQS(V  “ CHF(VG^ 

G 


(4.3) 


where  V_  is  now  a negative  voltage  and  f(V_D)  is  therefore  obtained  by 

T I'd 


translating  the  result  of  Eq.  (4.3)  in  the  positive-V  direction  by  the 

G 


amount  V„ 
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The  foregoing  relationships  were  the  ones  used  in  the  comparison 
method  of  Sec . 4.4. 

In  order  to  obtain  some  idea  of  the  amount  of  error  introduced  by 
the  step-function  approximation,  we  conducted  a computer  study  of  two 
examples.  In  each  example  we  started  with  an  assumed  distribution  of 
flatband  voltages,  then  computed  the  resulting  quasi-static  and  high- 
frequency  C-V  curves,  and  finally  used  Eq.  (4.2)  to  obtain  an  approx- 

O 

imation  to  f(V  ).  An  oxide  thickness  of  2500  A and  a substrate  doping 
15  tB-3 

of  3.3  x 10  cm  were  assumed  in  the  calculations.  The  results  are 
shown  in  Fig.  24(a)  for  a rectangular  distribution  and  in  Fig.  24(b) 
for  a smooth  distribution  of  flatband  voltages.  The  agreement  is  only 
fair  for  the  sharp-edged  distribution  but  is  reasonably  good  for  the  smooth 
distribution. 

4.6.  Summary 

We  have  proposed  three  new  capacitance-voltage  methods  for  distinguishing 
between  the  effects  of  interface  states  and  those  caused  by  lateral 
nonuniformities.  The  first  method  makes  use  of  the  frequency  dependence 
of  the  response  of  interface  states.  One  measures  the  C-V  curves  at  two 
different  frequencies,  as  widely  separated  as  possible,  in  the  range 
between  100  Hz  and  1 GHz.  Any  discrepancy  between  the  two  curves  in 
the  depletion  regime  must  be  attributed  to  interface  states. 

The  second  method  utilizes  the  freeze-in  of  charge  carriers  in 
interface  states  at  liquid-nitrogen  temperature.  The  low-temperature, 
high-frequency  C-V  curve  is  measured  while  sweeping  the  gate  voltage  from 
accumulation  into  deep  depletion  at  a reasonably  fast  rate,  say  1 V/sec. 

If  the  lower  portion  of  this  curve  is  not  parallel  to  the  ideal  curve  at 
the  same  temperature,  the  sample  has  appreciable  lateral  nonuniformities. 

If  the  lower  portion  of  the  curve  is  parallel  to  the  ideal  curve  at  the 
same  temperature,  then  all  of  the  room-temperature  C-V  stretch-out  is  due 
to  interface  states. 

The  third  method  makes  use  of  the  fact  that  although  the  stretch-out 
of  either  a quasi-static  or  a high-frequency  C-V  curve  caused  by  interface 
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Fig.  24.  Error  analysis  of  the  proposed  technique  [Eqs.  (4.2)  and 
(4.3)]  for  the  determination  of  flat-band  voltage  distri- 
bution. 


states  can  be  duplicated  by  a particular  distribution  of  nonuniformities , 
the  combination  of  both  quasi-static  and  high-frequency  C-V  curves  can  not 
be  so  duplicated.  The  converse  of  this  is  also  true.  A method  of 
utilizing  this  principle  is  described  in  Sec.  4.4. 

The  comparison  method  described  in  Sec.  4.4  requires  a means  of 
determining  the  distribution  of  flatband  voltages  of  a nonuniform  MIS 
capacitor.  Section  4.5  describes  a simple  procedure  which  we  have 
developed  for  this  determination. 
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7929  South  Howell  Avenue 
Milwaukee,  Wisconsin  53201 

Attn:  Technical  Library  2A07  (E.  T.  Krueger) 

General  Physics  Corporation 
Banneker  Building 
Colukbia,  Maryland  210U3 
Attn:  Robert  W.  Deutsch 

General  Research  Corporation 
1501  Wilson  Blvd. 

Arlington,  Virginia  22209 

Attn:  Dr.  Robert  M.  Chmieleski 
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General  Research  Corporation 
P.0.  Box  3587 

Santa  Barbara,  California  93105 

Attn:  Tech.  Info.  Office  for  Dr.  John  Ise,  Jr. 

Grumman  Aerospace  Corporation 
South  Oyster  Bay  Road 
3ethpage,  New  York  1171b 

Attn:  Dept.  535,  PT  35,  J.  Rogers 

Gulf  Oil  Corporation 
P.0.  Box  1111 

San  Diego,  California  92112 

Attn:  Victor  A.  J.  Van  Lint,  GRT 
Attn:  R.  Mertz,  GRT 
Attn:  R.  Overmyer,  GRT 
Attn:  Leo  D.  Cotter,  GRT 
Attn:  J.  A.  Haber,  GRT 
Attn:  Roland  E.  Leadon,  GRT 
Attn:  T.  M.  Flanigan,  GRT 

Hamilton  Standard 

Division  of  United  Aircraft  Corporation 
Bradley  International  Airport 
Windsor  Locks,  Connecticut  06096 
Attn:  Raymond  G.  Giguere 

Honeywell,  Inc. 

Aerospace  Division 

13350  U.S.  Highway  19 

St.  Petersburg,  Florida  33733 

Attn:  M.S.  72b-5 , Mr.  James  D.  Allen,  Adv.  Dev. 
Attn:  R.  C.  Schrader,  Sr.  Prin.  Eng.,  M.S.  725-5 
Attn:  Harrison  H.  Noble  Staff  Engineer,  M.S.  725-5A 
Attn:  William  England 
Attn:  M.S.  725-5  Stacey  H.  Graff 

Honeywell,  Inc. 

Radiation  Center 
2 Forbes  Road 

Lexington,  Massachusetts  02173 
Attn:  Technical  Library 

Honeywell,  Inc. 

Aeronautical  Division 
2600  Ridgway  Road 
Minneapolis,  Minnesota  55bl3 
Attn:  Ronald  R.  Johnson  A1391 


Hughes  Aircraft  Company 
Centinela  Avenue  and  Teale  Street 
Culver  City,  California  90230 

Attn:  M.S.  6 /El 10,  B.  W.  Campbell 
Attn:  R&D  Division,  William  A.  McDowell 
Attn:  R&D.- Division,  Ross  M.  Orndorff 
Attn:  R&D  Division,  Dr.  Dan  Binder  (M.S.  DlUj) 

IIT  Research  Institute 

Electromagnetic  Compatability  Analysis  Center 
North  Severn 

Annapolis,  Maryland  21^02 
Attn:  ACOAT 

Institute  for  Defense  Analyses 
U00  Army-Navy  Drive 
Arlington,  Virginia  22202 

Attn:  Technical  Information  Office 

Internationa-  Business  Machines  Corporation 
Route  100 

Owego,  Hew  York  1382? 

Attn:  Mr.  Daniel  C.  Sullivan,  Dept.  Ml/0 , 102-1 

International  Telephone  and  Telegraph  Corporation 
500  Washington  Avenue 
Nut  ley,  New  Jersey  07110 

Attn:  Defense-Space  Group,  SMTS,  Frank  Johnson 
Attn:  Alexander  L.  Richardson 

Isotopes,  Inc. 

50  Van  Buren  Place 
Westwood,  New  Jersey  07675 
Attn:  Dr.  Peter  Alexander 

Kaman  Sciences  Corporation 
Kaman  Nuclear  Division 
1700  Garden  of  the  Gods  Road 
Colorado  Springs,  Colorado  80907 
Attn:  Dr.  Albert  P.  Bridges 
Attn:  N-Gamma  Lab.  , Dr.  Don  Bryce 
Attn:  Dr.  Frank  H.  Shelton 

Litton  Systems,  Inc. 

Mellonics  Systems  Development  Division 
1001  West  Maude  Avenue 
Sunnyvale,  California  9^086 

Attn:  Sam  Sternbach,  Data  Systems  Division 
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Litton  Systems,  Inc. 

Electron  Tube  Division 
1035  Westminster  Drive 
Williamsport ; Pennsylvania  17701 
Attn:  Frank  J.  McCarthy 

Lockheed  Missiles  and  Space  Company 
3251  Hanover  Street 
Palo  Alto,  California  9k30k 

Attn:  Dr.  Clarence  F.  Kooi , Dept.  52-11,  Bldg.  20l 
Attn:  Dept.  52-1.1/203,  Mr.  Edwin  A.  Smith 

Lockheed  Missiles  and  Space  Company 
Division  of  Lockheed  Aircraft  Corporation 
P.0.  Box  50k 

Sunnyvale,  California  9^086 

Attn:  H.  Schneemann,  Org.  8l-62 

Attn:  Tech.  Info.  Ctr.  , Dr.  W.A.  Kozumplik,  Bldg.  201 

LTV  Aerospace  Corporation 
Vought  Missiles  & Space  Company 
Michigan  Division 
P.0.  Box  909 
Warren,  Michigan  L8090 
Attn:  Mr.  T.  M.  Rozelle 

LTV  Electrosystems,  Inc. 

Major  Field 
P.0.  Box  1056 
Greenville,  Texas  75^01 
Attn:  Library 

M.I.T.  Lincoln  Laboratory 
P.0.  Box £3 
2 UU  Wood  Street 

Lexington,  Massachusetts  02173 
Attn:  Alan  G.  Stanley 

Martin  Marietta  Corporation 
Orlando  Division 
P.0.  Box  5837 
Orlando,  Florida  32805 

Attn:  Mr.  William  W.  Mras , MP-113 

Massachusetts  Institute  of  Technology 
77  Massachusetts  Avenue,  Room  2U-120 

Cambridge,  Massachusetts  02139  ] 

Attn:  Mr.  Kenneth  Fertig,  M.S.  87 
Attn:  Mr.  Richard  G.  Haltmaier 


McDonnell  Douglas  Corporation 
5301  Bolsa  Avenue 

Huntington  Beach,  California  926^*7 

Attn:  N.  L.  Andrade,  M.S.  17,  BBDO  Adv  Elect/R&D 

McDonnell  Douglas  Corporation 
P.0.  Box  516 

St . Louis,  Missouri  63166 

Attn:  Dr.  Tom  Ender , Dept.  313,  Bldg.  33 

Minnesota,  University  of 
2030  University  Avenue,  S.E. 

Minneapolis,  Minnesota  551*!1* 

Attn:  Dr.  A.  Van  der  Ziel,  Elec.  Eng.  Dept. 

Mission  Research  Corporation 
812  Anacapa  Street 
Santa  Barbara,  California  93101 
Attn:  W.  A.  Scnlueter 

Mitre  Corporation,  The 

Route  02  and  Middlesex  Turnpike 

P.0.  3ox  208 

Bedford,  Massachusetts  01730 
Attn:  M.E.  Fitzgerald 
Attn:  Library 

Motorola,  Inc. 

Government  Electronics  Division 
8201  E.  McDowell  Road 
Scottsdale,  Arizona  85252 
Attn:  Philip  L.  Clar 

Motorola,  Inc. 

Semiconductor  Products  Division 
5005  East  McDowell  Road 
Phoenix,  Arizona  85008 

Attn:  Sr.  Scientist,  Mr.  Clarence  A.  Lund,  MD-A130 
Attn:  Mgr  , Mtrls . Tech,,  Mr.  James  R.  Black,  MD-B136 

Hew  Mexico,  University  of 
Dept . of  Campus  Security 
Carlisle  Gymnasium 
Albuquerque,  New  Mexico  87106 
Attn:  Dr.  W.  W.  Grannemann 
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North  American  Rockwell  Corporation 
Autonetics,  Electronics  Group 
3370  Miraloma  Avenue 
Anaheim,  California  92803 
Attn:  G.  Messenger 
Attn:  J.  Bell 
Attn:  D.  Bausch 

North  American  Rockwell  Corporation 
Space  Division 

12214  South  Lakewood  Boulevard 
Downey,  California  90241 

Attn:  Code  FB  82,  David  Champaign 

Columbus  Division 

North  American  Rockwell  Corporation 
4300  East  Fifth  Avenue 
Columbus,  Ohio  43216 

Attn:  Engineering  Data  Services  (J.F.  Roberts) 

Northrop  Corporation 
Northrop  Corporate  Laboratories 
3401  West  Broadway 
Hawthorne,  California  90250 
Attn:  Mr.  James  P.  Raymond 

Attn:  Dir.,  Solid  St.  Elec.,  Dr.  Orlie  L.  Curtis,  Jr. 

Northrop  Corporation 
Electronic  Division 
2301  West  120th  Street 
Hawthorne,  California  90250 
Attn:  Vincent  R.  DeMartino 
Attn:  Boyce  T.  Ahlport 

Palisades  Institute  for  Research  Services,  Inc. 

201  Varick  Street 
New  York,  New  York  10014 
Attn:  Records  Supervisor 

Philco-Ford  Corporation 
Aerospace  & Defense  Systems  Operations 
Aeronutronic  Division 
Ford  & Jamboree  Roads 
Newport  Beach,  California  9266 3 
Attn:  Peter  H.  Stadler 
Attn:  Dr.  L.  H.  Linder 

Philco-Ford  Corporation 

Western  Development  Laboratories  Division 
3939  Fabian  Way 
Palo  Alto,  California  94303 
Attn:  Library 
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Power  Physics  Corporation 
Industrial  Way  West 
P.0.  Box  626 

Eatontown,  New  Jersey  0772k 
Attn:  Hyman  Newman 

R & D Associates 
P.0.  Box  3580 

Santa  Monica,  California  90k03 
Attn:  Mr.  Richard  R.  Schaefer 
Attn:  Mr.  S.  C.  Rogers 

Radiation  Incorporated 
P . 0 . Box  37 

Melbourne,  Florida  32901 
Attn:  John  H.  Turner 
Attn:  Mr.  Don  Gibson 

Raytheon  Company 
528  Boston  Post  Road 
Sudbury,  Massachusetts  01776 
Attn:  Harold  L.  Flescher 
Attn:  D.  R.  Jones 

RCA  Corporation 

Government  & Commercial  Systems 
Astro  Electronics  Division 
P.0.  Box  800 

Princeton,  New  Jersey  085k0 
Attn:  G.  Brucker 


RCA  Corporation 
David  Sarnoff  Research  Center 
201  Washington  Road 
West  Windsor  Township 
Princeton,  New  Jersey  085^0 

Attn:  Dr.  K.  H.  Zaininger,  Solid  State  Device  Tech. 

RCA  Corporation 
P.0.  Box  591 

Somerville,  New  Jersey  08876 

Attn:  Daniel  Hampel,  Adv.  Comm.  Lab. 

Attn:  Mr.  Frank  J.  Feyder,  Zone  77 

Research  Triangle  Institute 
P.0.  Box  12191* 

Research  Triange  Park,  North  Carolina  27709 

Attn:  Eng.  & Envir.  Sci.  Div. , DR.  Mayrant  Simons,  Jr. 
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Simulation  Physics,  Inc. 

10  Railroad  Avenue 
Bedford,  Massachusetts  01730 
Attn:  Mr.  Roger  G.  Little 

Singer-General  Precision,  Inc, 

Kearfott  Division 

1150  McBride  Avenue 

Little  Falls,  New  Jersey  07*+2U 

Attn:  A.  A.  Witteles-RAD.  Effects  Supv.  3-5820 

Sperry  Rand  Corporation 
Sperry  Rand  Research  Center 
100  North  Road 
Sudbury,  Massachusetts  01776 
Attn:  H.A.R.  Wegener 

Sperry  Rand  Corporation 
Univac  Division 
Defense  Systems  Division 
P.0.  Box  3525  Mail  Station  1931 
St.  Paul,  Minnesota  55101 
Attn:  Mr.  Dennis  Amundson 


Sperry  Rand  Corporation 
Sperry  Gyroscope  Division 
Great  Neck,  New  York  11020 

Attn:  Dept.  U282  - Mr.  P.  Marraffino 
Attn:  Mr.  C.  Craig,  1P39 


Stanford  Research  Institute 
222  Ravenswood  Avenue 

Menlo  Park,  California  9**025 

Attn:  Mr.  Arthur  Lee  Whitson 

Attn:  Dr.  Robert  A.  Armistead 

Attn:  James  A.  Baer,  Sr.  Res.  Engineer,  J1015 

Attn:  Mr.  Philip  Dulan 

Stanford  Research  Institute 
1*810  Bradford  Blvd.,  N.W. 

Huntsville,  Alabama  35805 
Attn:  Harold  Carey 

Sylvania  Electronic  Systems  Group 
Communications  Systems  Division 
189  B Street 

Needham,  Massachusetts  02191* 

Attn:  S/V  Eng.  Dept.,  J.  A.  Waldron 


Systems,  Science  and  Software,  Inc. 

P.0.  Box  1620 
La  Jolla,  California  92037 
Atfn : Dr.  Ralph  H.  Stahl 

Sys+ron-Donner  Corporation 
200  San  Miguel  Road 
Concord,  California  9^520 
Attn:  Harold  D.  Morris 

Texas  Instruments,  Inc. 

P.0.  Box  5^71 
Dallas , Texas  75222 
Attn:  Walter  Matzen 

At^n:  R&D  PrcJ . Man.,  Dr.  Donald  J.  Manus,  M.S.  72 
Attn:  Radiation  Effects  Prog.  Mgr.  Mr.  Gary  F.  Hanson 

*TRW  Semiconductors 
Division  of  TRW,  Inc. 

1^520  Aviation  Blvd. 

Lawndale,  California  90260 

Attn:  Gerald  A.  Schafer  - Missile  & Space  Sub-Div. 
Attn:  Mr.  Ronald  N.  Clarke,  Member  Technical  Staff 

TRW  Systems  Group 
One  Space  Park 

Redcndo  Beach,  California  90278 
Attn:  Mr.  A.  Anderman  Rl/2036 
Attn:  Mr.  R.  Kingsland 
Attn:  Lillian  Singletary  Rl/215^ 

Attn:  Mr.  D.  Jurtner 

United  Aircraft.  Corporation 
Norden  Division 
Helen  Street 

Norwalk,  Connecticut  06851 
Attn:  Conrad  Cor da 

Varian  Associates 

6ll  Hansen  Way 

Palo  Alto,  California  9U30U 

Attn:  D.  C.  Lawrence  - Radiation  Safety 

Westinghouse  Electric  Corporation 
Astronuclear  Laboratory 
P.0.  Box  1086U 

Pittsburgh,  Pennsylvania  15236 
Attn:  P.  W.  Dickson 

Westinghouse  Electric  Corporation 
Research  and  Development  Center 
1310  Beulah  Road,  Churchil  Borough 
Pittsburgh,  Pennsylvania  15235 
Attn:  William  E.  Newell 


